The effects of inspiration, expiration, and apnea on A-V transmission system block and on A-V junctional and idioventricular pacemakers were studied in 53 examinations on 29 patients with atrial fibrillation. The severity of block and the location, prevalence, and firing frequency of subsidiary pacemakers were measured separately in each phase of respiration and compared by quantitative methods. In most patients, apnea increased the severity of A-V block, the prevalence of A-V junctional escape and ventricular automaticity but reduced the prevalence of A-V junctional tachycardia. The firing frequency of the subsidiary pacemakers was not affected. Occasionally apnea shortened the coupling interval of premature ventricular contractions. Cheyne-Stokes respiration markedly accentuated the effects of apnea and often produced bursts of ventricular tachyeardia in patients who had only isolated ventricular ectopic beats during regular respiration. The data indicate that intermittent respiration has deleterious effects upon cardiac activity and should be corrected whenever possible.
undertaken to confirm the validity of our observation, to investigate its clinical significance, and to examine in detail the effects of all phases of regular and intermittent respiration upon pacemaking and block in atrial fibrillation.
The literature contains few reports of respiratory influence on the behavior of the heart in atrial fibrillation. Kilgore"' reported that inspiration and expiration altered the ventricular beat-to-beat interval duration in this arrhythmia but that the effects differed from patient to patient. He assumed that this pulse rate variation resulted from varying *The sum of the numbers listed is greater than the number of patients in the study because patients suffering from multiple abnormalities were listed more than once.
degrees of vagal stimulation of the A-V junction. Hoff and Geddes,'2 working with dogs under morphine and pentobarbital anesthesia with atrial fibrillation induced by repetitive electrical stimuli, concluded that the ventricular rate accelerated during inspiration and at the end of expiration but slowed in midexpiration and during prolonged apnea. On occasion these investigators observed idioventricular escape beats during marked bradycardia. They also found that the atrial waves of the atrial electrogram slowed with inspiration and accelerated with expiration. However, they concluded that the observed variation in ventricular response resulted primarily from varying degrees of A-V junctional block caused by direct vagal and sympathetic stimulation of the A-V node. Roth,10 Flandin and co-workers,'3 and Hamburger and associates14 reported several cases of atrial fibrillation and Cheyne-Stokes respiration in which the ventricular rate accelerat-ed with apnea and slowed during hyperpnea. These authors did not attempt to identify the effects of inspiration or expiration.
Our observations confinn that the phases of respiration significantly alter impulse transmission in the A-V junction and demonstrate that they also affect impulse generation in the A-V junction and the ventricles. Using quantitative technics, we demonstrated that highgrade A-V block and ectopic rhythms appear primarily during apnea. The observations indicate that intermittent respiration is a surprisingly common disorder even in ambulatory, apparently well-controlled patients with heart disease, and that it has deleterious effects upon cardiac activity.
Methods

Patient Population
Twenty-nine patients were studied in 53 examinations. They were selected if they had atrial fibrillation and one or more of the clinical conditions listed in table 1. Fourteen patients were ambulatory; 20 had periods of Cheyne-Stokes respiration during at least one examination (table  2) .
Data Collection
For each examination the electrocardiogram and respiratory chest excursion were recorded simultaneously on paper and magnetic tape together with a calibrated 400 Hz sine wave until 7,000 to 15,000 heart beats were collected. In some patients several recordings were made, for example, during and after therapeutic digitalization, when digitalis toxicity had cleared, or during and after other crucial events in the subject's illness.
Data Analysis
The procedure used to detect and identify nonfibrillatory pacemakers in atrial fibrillation was validated and reported in detail in a previous Interval histograms of a patient with atrial fibrillation and A-V junctional escape rhythm (JE). Each bar represents by its height the fraction of intervals in the recording with a duration designated by the position of the bar on the abscissa. The 5,595 intervals that terminated during inspiration or expiration are displayed on the left, and the 1,841 intervals that terminated during apnea, on the right. The peak composed of intervals 1,565 to 1,760 msec long (JE) is caused by A-V junctional escape (see "Methods"). it is significantly taller (P < 0.001) during apnea than during respiration. The bars representing intervals which are short are generally smaller, and the bars representing intervals which are long are generally larger in apnea than in respiration; this demonstrates general slowing of the pulse rate during apnea (table 3) .
publication.' It consists of recording the electrocardiogram on paper and magnetic tape, reducing the contained information to certain displays, and testing statistically the hypotheses suggested by them. The displays employed are (1) a plot of the duration or the reciprocal of the duration of successive electrocardiographic R-R intervals against elapsed time (tachogram); (2) a plot of the number of R-R intervals in the recording within each duration class against the duration of the class (interval histogram, figs. 1 to 3); (3) a plot of the number of beat-to-beat interval sequences composed of intervals with equal durations, successively diminishing durations, and durations representing multiples of a common time segment, against the duration of the identifying interval of each sequence (sequence histogram); and (4) a graphic presentation of the averaged electrocardiographic presystolic potential. The R-R intervals in the recording were labeled "inspiratory" if they terminated during chest expansion, "expiratory" if they terminated during chest contraction, and "apneic" if they terminated while the chest moved but slightly. Interval histograms of a patient with atrial fibrillation, A-V junctional tachycardia (JT), and A-V junctional escape (JE). Each bar represents by its height the fraction of intervals in the recording with a duration designated by the position of the bar on the abscissa. The 13,183 intervals that terminated during inspiration or expiration are displayed on the left, and the 578 intervals that terminated during apnea, on the right. The peak composed of intervals 525 to 720 msec long (JT) is caused by A-V junctional tachycardia (see "Methods"). It is significantly (P < 0.005) larger during respiration than during apnea. The peak in the apnea histogram composed of intervals 1,045 to 1,240 msec long (JE) is caused by A-V junctional escape (see "Methods") which is not seen at all during respiration. The individual bars composing this peak are significantly (P < 0.001) taller in apnea than during respiration. The peaks composed of intervals 785 to 980 msec long are caused by conducted atrial fibrillatory beats and are equal in both histograms.
Sequences of intervals were designated by the label of their first interval. For example, a sequence of 10 equal intervals was labeled "inspiratory" if the first of the series terminated during inspiration, even if other intervals terminated during expiration and apnea. Interval and sequence histograms were cast separately for all intervals, for only inspiratory, only expiratory, and only apneic intervals. The mean and standard deviation of interval duration were calculated for each of these histograms, and the values were compared with each other by means of t and chi square tests. If a class of intervals was found to contain A-V junctional tachycardia, A-V junctional escape, or ectopic beats of ventricular origin,' the number of inspiratory, expiratory, and apneic intervals and sequences in that class were compared by t tests. Rigorous definitions of the sequence types and derivations of the statistical formulae used in this work are contained in the "Appendix" which may be obtained from the authors* upon request. Computer programs for all calculations are available from the DECUS Program Library.t Because most expirations followed by apnea of significant duration decline exponentially, there is no sharp point of division between expiration and apnea. We utilized this finding to measure the duration of the average R-R interval of early and late expiration. In six patients the average interval duration in expiration and apnea was calculated twice from the same recording: first with the amplitude of the respiration signal large, and then with this amplitude reduced. This maneuver changed the location of the "dividing point" used by the computer to distinguish expiration from apnea. In the first calculation, the intervals of early and later expiration are averaged and compared to those terminating only in complete apnea. In the second calculation, the intervals terminating in late expiration and apnea are averaged and compared to those terminating in early expiration. Results
Respiratory Variation of the Ventricular Responses to Atrial Fibrillation (Table 3) In 17 recordings on 13 patients fewer than 500 intervals were recorded during apnea; in these only inspiration and expiration were compared. In 36 recordings on 15 patients respiration produced significant changes in the ventricular response. In general, the differences between inspiration and expiration were small compared to differences between apnea and either of the other phases of respiration. The average R-R interval was usually shorter, and the pulse rate faster, early in expiration than later in expiration or in inspiration.
During apnea the average R-R interval was usually much longer, and the pulse rate slower, than in either inspiraton or expiration. The presence of Cheyne-Stokes respiration usually increased the number of intervals recorded during apnea and prolonged the duration of the average apneic R-R interval.
The variability of interval duration was generally far more pronounced during apnea than in inspiration or expiration, and slightly Interval histograms of a patient with atrial fibrillation and coupled premature ventricular contractions (PVC). Each bar represents by its height the fraction of intervals in the recording with a duration designated by the position of the bar on the abscissa. The 6,675 intervals that terminated during inspiration or expiration are displayed on the left and the 1,657 intervals that terminated during apnea, on the right. Intervals longer than 2,020 msec are not shown on the plot. The peak composed of intervals 460 to 590 msec long (PVC) is caused by premature ventricular contractions and is significantly (P <0.001) taller in apnea than in respiration. less pronounced early than late in expiration or inspiration. Differences in variability of interval duration between inspiration and expiration were small compared to changes in the interval duration resulting from apnea. Variability in interval duration closely paralleled the course of interval duration, variability increasing with duration (see also table 1B in reference 1).
Effect of Inspiration, Expiration, and Apnea on A-V Junctional Pacemakers (Table 4) A-V junctional escape rhythm was observed in nine recordings on six patients. Apnea markedly increased, and the other phases of respiration decreased the prevalence of A-V junctional escape rhythm in five recordings on three patients (fig. 1 ). In the remaining recordings containing this rhythm too few intervals were registered during apnea to permit quantitative comparison. In most patients there was no difference in the prevalence of escape rhythm between inspiration and expiration. Neither inspiration, expiration, nor apnea altered the firing rate of the pacemaker. Comparison inspiration and apnea Not significant 13 11 16 i1 Significant
In apnea > in inspir. 17 11 14 10 In inspir. > in apnea 2 2 2 2 Totalt 32 18 32 18
Comparison expiration and apnea Not significant 10 9 14 10 Significant
In apnea > in exp. 18 11 14 10 In exp. > in apnea 4 4 4 4 Totalt 32 18 32 18 *In 17 recordings on 13 patients fewer than 500 intervals were recorded during apnea; these were not included in the comparisons of inspiration to apnea and of expiration to apnea. tThe total number of patients used in the comparison-s does not equal the sum of the numbers of patients listed in each column because when successive recordings in the same patient produced different results, the same patient had to be listed in more then one row.
Abbreviations: Exp. = expiration; inspir. = inspiration.
A-V junctional tachycardia was observed in five recordings on five patients. In two of these the A-V junctional focus captured the ventricle less frequently during apnea than during respiration but neither inspiration, expiration nor apnea did not alter the discharge rate of the A-V pacemaker. Both patients had an average pulse rate which slowed during apnea and accelerated with breathing. The other three patients with A-V junctional tachycardia who registered no respiratory changes in ventricular capture by the A-V pacemaker also manifested no respiratory change in the intervals between ventricular beats arising from fibrillatory stimuli. A-V junctional transmission system block of atrial fibrillatory stimuli, therefore, paralleled the block of stimuli arising from the A-V junctional accelerated pacemaker. In one of the patients, the decrease in ventricular beats arising from the Circulation, Volume XLII, August 1970 accelerated A-V junctional pacemaker during apnea coincided with the appearance of a separate A-V junctional escape pacemaker which was discernible only during apnea ( fig. 2 ).
Effect of Inspiration, Expiration, and Apnea on Ventricular Pacemakers (Tables 4 and 5)
Ventricular premature contractions and paroxysms of ventricular tachyeardia in sufficient number for quantitative comparison were observed in 15 recordings on 11 patients. Among these, prevalence of ventricular automaticity increased markedly during apnea in nine recordings on seven patients ( fig. 3 ) and did not change with any phase of respiration in six recordings on four patients. Apnea decreased the coupling interval of ventricular premature contractions in some of the 11 affected patients. There was no difference in *The number of recordings and patients with A-V junctional escape and ventricular ectopic rhythms used in these comparisons does not equal the total number observed in the course of this work because the small number of apneic intervals in some recordings precluded meaningful statistical analysis. *When respiration significantly altered ventricular automaticity and A-V junctional block, or when successive recordings in the same patient demonstrated different respiratory rhythms, recordings and patients were listed more than once. Thus, the number of recordings and patients used in the comparisons does not equal the sum of the numbers listed. Meaningful comparisons could be made of only a few patients without Cheyne-Stokes respiration because the small number of apneic intervals recorded precluded statistical analysis. the prevalence of ventricular premature contractions between inspiration and expiration, although coupling intervals were sometimes shorter in inspiration than expiration. In the ventricular tachycardias observed in the course of this study, we found no respiratory variation of the pacemaker firing rate. Ventricular tachyeardia was more frequent during apnea than during inspiration or expiration and occurred much more frequently in pa-Circulation, Volume XLII, August 1970 tients with Cheyne-Stokes respiration than in others (tables 4 to 6).
Discussion
These observations indicate that apnea increases A-V junctional transmission system block in most patients with atrial fibrillation. As a result the average pulse rate slows. The peak in the interval histogram produced by ventricular beats arising from A-V *The number of recordings and patients used in the comparisons does not equal the sums of the numbers listed in same rows and columns because many recordings contained more than one arrhythmia and successive observations on the same patient often contained different respiratory rhythms. junctional tachycardia (JT, fig. 2 ) shrinks with apnea, demonstrating that block between this pacemaker and ventricle increases with apnea. However, the location of the peak on the histogram does not change. Therefore, the phases of respiration do not affect the discharge rate of this focus. The peak in the interval histogram produced by ventricular beats arising from the A-V junctional escape focus increases with apnea (JE, fig. 1 ). At the same time sequences of intervals denoting second degree block between the junctional escape focus and the ventricle, such as Wenckebach periods and sequences of intervals which are multiples of the pacemaker's discharge interval, diminish or remain the same with apnea. These facts denote that block between the escape pacemaker and ventricle does not increase and sometimes diminishes during apnea. It appears, therefore, that in our patients the A-V block which waxes and wanes with respiration is located above the A-V escape focus but below the A-V accelerated focus. The location of the peak in the interval histogram produced by ventricular beats arising from the A-V junctional escape focus does not change with apnea. Therefore, the phases of respiration do not affect the discharge rate of this pacemaker either.
We have previously reported two patients for whom recordings with and without A-V junctional escape were available for comparison.1 In both many intervals longer than that of the escape focus were seen in the histograms containing no escape. Further-Circulation, Volume XLII, August 1970 more, eight other patients had many ventricular beat-to-beat intervals 1.5 sec long or longer without any evidence of escape beating. These observations suggest that A-V junctional escape does not result from high-grade A-V block of the transiaission system alone, but that apnea or the slow pulse rate resulting therefrom enhances a regional block within the A-V junction which prevents depolarization of the escape focus by atrial stimuli.
Apnea increases the prevalence of ventricular premature contractions and bursts of ventricular tachycardia. The former phenomenon may be the direct result of the slower pulse rate produced by apnea ("the rule of bigeminy"15). The latter phenomenon may be due to the fact that apnea occasionally also shortens the coupling interval so that a premature beat is more likely to fall into the vulnerable period of the preceding repolarization. Cheyne-Stokes respiration intensifies these effects of apnea, but also increases ventricular automaticity in the other phases of respiration (tables 5 and 6). In view of these observations Cheyne-Stokes respiration should be eliminated whenever possible, particularly in the many patients with this respiratory arrhythmia who are clinically well and ambulatory (table 2) and therefore not within reach of help when a dangerous cardiac arrhythmia supervenes.
Most previous reports detailing the effects of Cheyne-Stokes respiration upon cardiac behavior indicate that in the absence of increased intracranial pressure A-V block and ventricular ectopic rhythms appear during hyperpnea and disappear during apnea. Co-meau5 demonstrated that the grade 1 and 2 A-V block presented by his patient during hyperpnea was mediated by the vagus since it was abolished by atropine. Steele and Antho-ny6 and Klein7 suggested that the cardiac arrhythmias of intermittent respiration are caused by deficient gas exchange and reported that in their patients hypoxia and hypercarbia were most severe during hyperpnea. We cannot account for the difference in timing of the arrhythmias between these reports and ours. We can only call attention to the fact that our report is based on measurements of thousands of intervals during thousands of respiratory cycles, whereas older observations made with manual measurement technics must be based on a much smaller number of events. There is an apparent but not real discrepancy between our report of the changes in average pulse rate with inspiration, expiration, and apnea and that of Hoff and Geddes. 12 We find beat-to-beat intervals slightly longer in inspiration than in expiration, whereas Hoff and Geddes state that pulse rate accelerates in inspiration. The difference results from two factors: (1) Hoff and Geddes do not differentiate between beats occurring in expiration and apnea, and label them all "expiratory," including the very slow ones of apnea. The average duration of their expiratory intervals is, therefore, much longer than ours. (2) We designate intervals "inspiratory" if they terminate in inspiration, even if most of their life is spent in apnea. This tends to pralong our average inspiratory interval. At any rate, we found differences between events in inspiration and expiration to be of little clinical interest. The important changes took place during apnea.
